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ABSTRACT 
This document describes the design of the outdoor environmental chamber of a 
test facility for the collection of room air conditioner performance data over a wide range 
of psychrometric conditions. A key component of this design work is the design of a 
power measurement system to accurately determine the capacity and power 
consumption of room air conditioners. The conceptual design of this system is 
presented, along with the description of a system that has been implemented 
temporarily for the determination of room air conditioner power. The other key 
component of this design work is the design of systems which produce and maintain the 
wide range of temperature and humidity conditions required in the outdoor 
environmental chamber. Current information indicates that the selected control scheme 
produces excellent temperature control of the outdoor chamber but does not provide an 
acceptable level of independent humidity control. 
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1. INTRODUCTION AND LITERATURE REVIEW 
1.1 Purpose 
The purpose of this thesis is to describe the design of a versatile room air 
conditioner test facility which can be used to gather data over a wide range of 
psychrometric conditions. The data gathered with this facility will be used to 
(a) evaluate computer models of room air conditioners, (b) determine the performance 
characteristics of various proposed replacements of R-22 and (c) evaluate component 
characteristics with an eye toward improving energy efficiency. 
1.2 Motivation 
The development of this facility is part of a larger research project within the Air 
Conditioning and Refrigeration Center of the University of Illinois. Three-way support for 
work at this Center is provided by the University, industrial sponsors and the National 
Science Foundation. Fundamental research is focused toward industry goals. With 
regard to the development of the Room Air Conditioner Test Facility, the issues of 
greatest concern to the sponsoring groups are (a) energy efficiency, (b) R-22 
replacement, and (c) the development of useful computer simulation and design 
models. The following sections provide an overview of these key issues. 
1.2.1 Energy Efficiency and Refrigerant Replacement Issues 
The manufacturers of room air conditioners face intense competition in the 
marketplace. This competitive environment drives continual product improvement in 
terms of energy efficiency, reliability, features and cost. Although high efficiency 
products are an industry goal, government regulation actually requires manufacturers to 
make improvements according to a specific and aggressive timetable (NAECA, 1987). 
Another main issue of concern to manufacturers is the uncertainty of the future 
availability of R-22. This hydrochlorofluorocarbon (HCFC) is currently the most 
prevalent refrigerant in air conditioning and refrigeration (Calm, 1992). The chemicals 
classified as HCFC's are not considered as harmful to the ozone layer as 
chlorofluorocarbons (CFC's), which are scheduled for immediate phase-out, but HCFC's 
still pose a significant threat. Although most attention has been focused on the control 
of CFC's to date, additional controls affecting HCFC's have been imposed through the 
1990 Clean Air Act. The 1990 Clean Air Act set a target date for R-22 phase-out of 
2020 (U.S. Congress, 1990). Legislative action and international agreements such as 
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the Montreal Protocol notwithstanding, it is likely that phase-out of CFC's and HCFC's 
will continue to accelerate. 
With regard to HCFC phase-out, the main issue for manufacturers is the 
development of useful alternatives, while continuing improvements to energy efficiency. 
Significant testing of R-22 alternatives is underway (Menzer, 1992). To date, there is no 
pure fluid which is considered to be an acceptable drop-in replacement for R-22 
(Radermacher, 1992). Rather, the theoretical and computer models used thus far in this 
research indicate that design changes will be required to achieve equivalent or 
improved performance in current air conditioning systems (Radermacher, 1992). 
Current research is underway in the Air Conditioning and Refrigeration Center to more 
accurately determine the thermodynamic and heat transfer properties of various R-22 
alternatives. The results of that research will be used to select the refrigerants for in-situ 
testing in the Room Air Conditioner Test Facility. 
1.2.2 Computer Modeling Efforts 
A significant effort has been expended in the development of computer models for 
the simulation of heat pump systems and room air conditioners. Industrial, academic, 
and government groups have all produced such models. Industrial models are typically 
based on years of proprietary empirical data, whereas academic models are typically. 
developed from first principles. Researchers at Oak Ridge National Laboratory (ORNL) 
developed a heat pump model to analyze the energy efficiency tradeoffs of various 
component enhancements in heat pumps and room air conditioners. This model is 
considered the state-of-the-art for heat pump modeling (Hahn, 1993). The Mark III 
version of the ORNL model was modified by O'Neal and Penson (1988) for the steady-
state simulation of room air conditioners. More recently, a detailed effort to develop a 
model capable of simulating room air conditioner performance at off-design conditions is 
the subject of the current work by Hahn (1993). 
1.3 Room Air Conditioner Thermal System 
A room air conditioner is defined as a device used to deliver conditioned air to an 
enclosed space, room, or zone. Its primary utility is in the cooling and dehumidification 
of the air in that space. The methods by which this cooling and dehumidification are 
accomplished are described in the following paragraphs. 
Figure 1.1 is the side view of a typical room air conditioner. Warm, moist air in the 
conditioned space is drawn across the evaporator by a centrifugal fan. As it passes 
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Figure 1.1 Typical Room Air Conditioner (Side View). 
across the cool evaporator coil, the air is cooled. When coil temperatures are lower 
than the dew point of the inlet air, moisture is condensed on the surface of the coil. The 
energy transferred from the cooling of the air causes low pressure, low temperature 
refrigerant in the evaporator to boil. The refrigerant travels through tubing to an 
accumulator, which separates liquid from vapor refrigerant and prevents the liquid from 
entering. the compressor. The low pressure, refrigerant vapor that enters the 
compressor is heated and compressed. High pressure, high temperature refrigerant 
vapor passes through the condenser coil, where it is cooled by outdoor air and the 
evaporation of water from the surface of the coil. This water is evaporator condensate 
which is thrown on the condenser coil by a slinger ring attached to the axial fan which 
forces outdoor air across the condenser coil. This is the sole means of moisture 
transfer from the indoor to outdoor side of the room air conditioner (barring a drain in the 
condensate pan). 
The refrigerant is cooled in the process and condenses within the coil. Fina"y, the 
thermodynamic cycle is completed by passing the refrigerant through an expansion 
device, which lowers the pressure and temperature of the refrigerant to the original 
state. The expansion device is shown as a single capillary tube in Figure 1.1, but 
multiple capillary tubes are not uncommon. In this manner, the air in the controlled 
space is cooled and dehumidified, while outdoor air is heated and humidified. 
1.4 Standard Testing Facilities and Procedures 
The standard procedures for efficiency testing and rating of room air conditioners 
are proscribed by the American Society of Heating, Refrigerating, and Air-Conditioning 
Engineers (ASH RAE) in ASHRAE Standard 16-1983 (ASHRAE, 1984). Procedures for 
additional types of performance testing are set forth in the American National Standard 
ANSIIAHAM Standard RAC-1-1992, which has been adopted by the Association of 
Home Appliance Manufacturers (AHAM, 1992). The following discussion reviews the 
basic requirements of these standards, with particular attention to the types and 
requirements of testing facilities. Fina"y, a discussion of some additional performance 
testing procedures is presented. 
1.4.1 Room Air Conditioner Performance Testing and Efficiency Rating 
The ASHRAE Standard states that performance evaluations include a quantitative 
determination of cooling, dehumidification, and airflow of room air conditioners. 
4 
Additionally, power requirements of the test units must be determined. Power 
measurement techniques will be described in Chapter 2. Room air conditioners are 
rated by their energy efficiency ratio (EER), which is given by 
EER = Cooling Capacity (Btu I hr) 
Power Consumed (W) (1.1) 
The Standard describes two types of calorimeter rooms that are acceptable for the 
determination of room air conditioner cooling capacity. General requirements for the 
two types of calorimeter room are identical, as seen in Figures 1.2 and 1.3. Both types 
of calorimeter consist of two compartments, an outdoor side and an indoor side, 
separated by an insulated partition wall. The test unit rests in this partition wall. 
For performance testing, it is necessary to operate the facility at steady-state. This 
is accomplished by providing controlled sensible and latent heat loads to the indoor side 
compartment. Resistance heaters and a humidifier provide the sensible and latent heat 
loads respectively. The heat and moisture transferred by the room air conditioner to the 
outdoor side compartment is then removed with a cooling coil and the cooled and dried 
air is reheated to the appropriate temperature. 
Air reconditioning equipment in both the indoor and outdoor side compartments is 
required to circulate not less than two times the quantity of air circulated by the room air 
conditioner in that compartment. In no case can the reconditioning equipment produce 
less than one room air change per minute. These requirements minimize stratification 
of the air and moisture on both sides of the partition w~lI. The Standard further requires 
that the air reconditioning equipment be designed to prevent reconditioned air velocities 
from exceeding 100 ftlmin within 3 ft of the test unit. 
The interior surfaces of the calorimeter compartments must be constructed with 
nonporous materials. All joints, access doors and penetration~ into the calorimeter 
room are to be sealed tightly to prevent air and moisture leakage. Additionally, a 
pressure balancing device is to be installed between the two compartments. 
Factors that differentiate the two types of calorimeter are as follows. The 
calibrated room type calorimeter shown in Figure 1.2 has insulated walls to prevent heat 
leakage in excess of 5 % of room air conditioner capacity. This heat loss is determined 
experimentally, and the heat balance during testing is correspondingly adjusted with the 
data from calibration. 
The balanced-ambient-type calorimeter is shown in Figure 1.3. This type of 
calorimeter uses a controlled temperature guard space surrounding each compartment 
5 
Pressure Balancing ~ 
Device 
"////////////////AV//////SA//////////////////////// 
Cooling Coil ~ (;1~ ..A./V'--. Heater 
~ 
Humidifier Reheat Coil ~ I 
II Outdoor Side 1:1 Indoor Side Compartment ~ Compartment 
..A./V'--
Fan ~ I.-t c::= c:::t Test Unit • Fan 
0') 
Mixers ~ ~ xxx ... Mixers 
~ ~ 
~/7/««««««<;)(44«««<:;r««««((((« / 
L~ ~ ~ L_' 
Figure 1.2 ASHRAE Calibrated Room Type Calorimeter. 
Pressure Balancing Constant Temperature 
,.. I . 
"./././././//7./././././././/./.IV./././././ / / / 
"./ ./ ./ ./ ./ / /1// / / / / / / / / / /7 /77/7/7 
r... 
'\ 1.1 , r... r... I; 
Cooling Coil 
Reheat Coil 
...... 
Fan 
/ 
'\ / I; r... r... r... I; 
- m -W- -I; - ( -II bI II 
II 
-
:@f:b 
-W-
-r... 
- Outdoor Side 1.1 Indoor Side 
-r... 1.1 
r... Compartment 1.1 Compartment I; 1.1 
I; 
Test . c::: ::::::::;) c:::-<o --
-- Unit -- v r... v r... 
v r... 
Heater 
Humidifier 
Fan 
I; v 
Mixers v I; - xxx xxx --.. 
-
I; Mixers 
II I; ~ \ 
./ II I; II II 
II II 
'" 7 '" 7 " "/ II II " ~ II II 
II II 
II 1.1 
r... v 
v I; ~ '" ~ \. ~ '" \.. I; '././././././//////./././././/////./././././ 
'./././././,/,/,/,/7,/77,/7// / / /./7T7 / / / /~/ 
Figure 1.3 ASH RAE Balanced Ambient Room Type Calorimeter. 
of the calorimeter. The guard space is kept at the same dry-bulb temperature as the 
corresponding calorimeter compartment. This effectively eliminates heat transfer from 
the calorimeter chambers. Thus, a" heat transfer between the compartments is through 
the partition wall or via the air conditioner. Heat transfer through the partition wall is 
calibrated, leaving the capacity of the air conditioner to be determined by measurement 
of power input to the indoor side compartment. 
1.4.2 Standard Methods and Conditions for Performance Evaluation 
ANSIIAHAM Standard RAC-1-92 establishes standard methods for measuring 
many operating characteristics of room air conditioners. This Standard defines the 
conditions for the cooling capacity, moisture removal capacity, and other tests for 
performance evaluation of air-cooled room air conditioners. The standard conditions for 
most performance tests are as follows 
Indoor Room Air Temperature 
Outdoor Room Air Temperature 
80 OF dry-bulb 1 67 OF wet-bulb 
95 OF dry-bulb 175 OF wet-bulb 
These are the typical conditions for which standard test facilities are designed. Other 
tests, including heating capacity tests, cabinet sweat tests, and maximum operating 
conditions tests require other conditions. Parameters for these performance tests are 
also specified in the ANSIIAHAM Standard. Of particular interest is the maximum 
operating conditions test. For this test, the Standard requires that room air conditioners 
be subjected to the following conditions: 
Indoor Room Air Temperature 
Outdoor Room Air Temperature 
90 OF dry-bulb 173 OF wet-bulb 
110°F dry-bulb 178 OF wet-bulb 
This is of significance because we have determined that the test conditions required to 
work a room air conditioner over the entire range of its compressor map exceeds these 
conditions. The test range of the room air conditioner test facility is discussed fully in 
Chapter 3. 
1.5 Design Philosophy 
The design and development of Standard testing facilities like those described in 
Section 1.4 differs greatly from the design and development of the Room Air Conditioner 
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Test Facility. While Standard test facilities are constructed to operate at one, or a very 
limited set of operating conditions, our test facility must operate over a very wide range 
of psychrometric conditions. Significant flexibility in design is also required to construct 
a facility capable of collecting data over the range of operation required to evaluate 
room air conditioners from 0.5 to 2.5 tons of cooling capacity. Various concepts were 
evaluated for each major system of the Room Air Conditioner Test Facility. The 
following pages provide a record of these evaluations and the level of success achieved 
in implementing the various designs of each component in the facility. This thesis 
concentrates on the description of systems associated with the outdoor environmental 
chamber of the facility. The thesis by Fleming (1993), focuses on systems associated 
with the indoor room calorimeter. 
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2. DESIGN OF A POWER MEASUREMENT SYSTEM FOR THE ROOM 
AIR CONDITIONER TEST FACILITY 
2.1 Overview 
The introductory material revealed the purposes and general requirements for the 
room air conditioner test facility. As described in the previous chapter, the ability to 
determine performance data for room air conditioners operating over a wide range of 
psychrometric conditions is essential to the experimental and modeling goals of the 
project. For useful measurements of room air conditioner performance data, an 
accurate determination of the energy used and transferred by the room air conditioner 
test unit is critical. 
Electrical energy is the source of power for the sensible and latent loads that the 
test unit must remove from the indoor room calorimeter. The amount of energy 
transferred between the chambers by heat and mass transfer was determined 
experimentally to be very sma". Additiona"y, the uncertainty in this determination is 
negligible in comparison to the heat loads required for performance testing of room air 
conditioners. Therefore, high accuracy in the measurement of electrical power is 
crucial. The following material describes the power distribution system for the test 
facility as a whole and details the design options and solutions to the various power 
measurement challenges in the room air conditioner test facility. 
2.1.1 Room Air Conditioner Test Facility Power Distribution System 
The various component power requirements of the overall facility are detailed in 
Table 2.1. From the discussion of the calibrated room type calorimeter in the previous 
chapter, it is clear that electrical power used by the individual test units and the 
equipment in the indoor room calorimeter must be measured for accurate performance 
data. The facility has a three-phase, 200-A electrical service. Figure 2.1 shows the 
layout of the power distribution system in the outdoor room. An in-line safety shut-off 
switch before the main panelboard enables a safety lockout when modifications to 
equipment and wiring are being performed. The main panelboard feeds a" equipment 
for the test facility, including outdoor chamber air reconditioning equipment and two 
smaller panelboards with separate, dedicated uses. The indoor room panelboard is 
dedicated to providing the sensible and latent heat loads for the room air conditioner. 
Instrument power and other accessories for the indoor room calorimeter are also 
powered by this circuit, as they contribute to the heat load on the air conditioner. The 
10 
Table 2.1 Electrical Power Requirements of the Room Air Conditioner Test Facility. 
COMPONENT VOLTAGE CURRENT SPECIAL REQUIREMENTS 
OUTDOOR ROOM 
Chiller 240 V I 3-phase 37A Three-phase power 
Fan-Coil Unit 120 V 11-phase 5A None 
Mixing Fan 120 V 11-phase 5A None 
Power 120 V 11-phase 2A Transformer to supply a ±15 V 
Measurement DC linear power supply 
Independent circuit 
Lights 120 V 11-phase 2A Not used during testing 
Aspiration Fans (2) 120 V 11-phase <1A Transformer to convert AC 
to DC supply for fans 
Booster Pump 120 V 11-phase 20A None 
Air Compressor 120 V 11-phase 8.5 A None 
INDOOR ROOM 
Furnace 240 V 11-phase 42A SCR controlled (zero-cross) 
Time-proportional control 
Furnace Blower 240 V 11-phase 8A None 
Humidifier 240 V 11-phase 35A SCR controlled (zero-cross) 
Time-proportional control 
Tape Heaters (2) 120 V 11-phase <1A Temperature-controlled 
Aspiration Fans (2) 120 V 11-phase <1A None 
Lights 120 V 11-phase <1A Not used during testing 
1 1 
Table 2.1 Electrical Power Requirements of the Room Air Conditioner Test Facility 
(continued). 
COMPONENT VOLTAGE CURRENT SPECIAL REQUIREMENTS 
ROOM AIR CONDITIONER 
TEST UNIT 120 V / 1-phase 5 - 20 A Independent circuit to facilitate 
power measurement 
240 V / 1-phase < 25 A Independent circuit to facilitate 
power measurement 
12 
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Figure 2.1 Room Air Conditioner Test Facility Power Distribution System. 
room air conditioner test unit panelboard is dedicated to providing power to the room air 
conditioner test unit. This dual panelboard arrangement minimizes measurement costs 
by permitting a single measurement of indoor room calorimeter loads (both sensible and 
latent heat), regardless of the number or type of electrical loads wired to each individual 
panelboard. In addition, this arrangement enables a separate measurement of room air 
conditioner power. 
2.1.2 Power Measurement Basics 
The governing equations for electrical power measurement are reviewed briefly 
below. Further, a description of the measurements required to quantify the electrical 
power used by a circuit containing both 240 V and 120 V single-phase loads is included 
to motivate discussion of our final design. 
2.1 .2.1 Governing Equations 
Recall that for direct current (DC) power, the power used by an electrical load is 
calculated by 
P=V·I (2.1) 
where P represents DC power in W, V is DC voltage in V, and I is DC current in A. 
Determination of power usage for DC electrical loads over time simply requires an 
accurate determination of average voltages and currents over that time. 
For alternating current (AC) electrical power, the situation is more complicated. AC 
power is time-varying in value, but equation 2.1 holds for the calculation of 
instantaneous power. Thus, the instantaneous power pet) for an AC circuit can be 
represented by 
pet) = Vet) ·I(t) (2.2) 
Where Vet) is the instantaneous voltage and I(t) is the instantaneous current. Of course, 
the instantaneous value at time t is also a poor representation for AC power. A more 
useful concept is the true root-mean-square (TRMS) value of power. An RMS power of 
1 W for an AC system is equivalent to 1 W of power in a DC system. 
The AC-coupled TRMS value of a time-varying function representing power pet) is 
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calculated in the following manner 
(2.3) 
where P(t) is defined by Equation 2.2, T is the finite period of integration, and P 
represents the average or mean power, which is given by 
P(t) = ; JdP(t)dt (2.4) 
For an AC power measurement, the DC offset P (t) is an error term. It is subtracted 
from the instantaneous value of P(t) in the root-mean-square calculation. TRMS voltage 
and current are calculated in an analogous manner. 
We define the power factor in the following manner 
PowerFactor = PTRMS 
VTRMS ·ITRMS 
(2.5) 
where VTRMS, and ITAMS are the TRMS voltage and TRMS current respectively, and 
the TRMS Power is given by Equation 2.3. This ratio of the true power to the apparent 
power in a circuit ranges from zero to one. True power is a measure of useful power. 
Apparent power is the maximum power available in a circuit. This is shown in the 
following relationship 
PowerFactor = PTAMS = COSfi!l 
V TAMS ·ITAMS 
(2.6) 
where fi!l is called the phase angle or phase shift. Since 0 S; cos fi!l S; 1, 
PTAMS = (V .lhAMS S; V TAMS ·ITAMS (2.7) 
and the true power is always less than or equal to the apparent power. They are equal 
when the load is a pure resistor. For the case of a pure resistor, the voltage and current 
waveforms are in phase.· However, most electrical loads are somewhat inductive or 
capacitive, which causes phase shift. Phase shift between the voltage and current 
waveforms causes distortion of the power waveform. 
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2.1.2.2 Single-phase Power Measurement for a Three-wire Source 
Figure 2.2 is an example of a typical three-wire source for single-phase power. 
One may conceptualize this source as a panelboard supplying electricity to both 120 V 
and 240 V loads. Figure 2.2 provides the basis for understanding the measurements to 
determine the total power drawn by all of these loads. 
Inspection of Figure 2.2 reveals that the potential difference between V1 and V2 is 
240 V RMS, whereas both V1 and V2 measure 120 V RMS with respect to the neutral 
wire which is denoted VN. The neutral wire is grounded (at some remote location), 
while each of the two wires at potentials V1 and V2 are carrying voltage waveforms that 
are out of phase with each other. 
To measure the total power drawn by all the loads in this circuit, Figure 2.2 is 
analyzed with Kirchhoff's Circuit Law. The detailed derivation is presented in 
Appendix A of this document. The equations in the previous sections of this chapter 
showed that the power drawn by anyone load can be determined with a single voltage 
and a single current measurement. Analysis of this circuit reveals that the total power 
drawn by all loads on the source can be determined with any two independent 
measurements of voltage and current for the three lines prior to the load. 
The three possible arrangements of measurements to calculate the total power are 
the following: 
P = (V1- VN)·11 +(V2 - VN)·12 (2.8a) 
P = (V1- V2)·11 +(V2 - VN)·IN (2.8b) 
(2.8c) 
where all quantities are as previously defined, and IN = 11 + 12. For application of these 
principles, it is important to recall that the currents 11, 12, and IN have been defined in the 
directions shown in Figure 2.2. 
2.1.3 Standard Power Measurement Requirements 
As discussed in the previous chapter, ASHRAE Standard 16-1983 (ASHRAE, 
1984) details the facilities and procedures used for rating room air conditioners. The 
Standard recommends that electrical measurement instrumentation be accurate to 
16 
V1 
• • 
240 Vrms 
120V ;) Single-ph~e I- ... IN 1120 Vi Three-wire So ' VN Load 
..... 
I uree 
...... ~ 
13 }~~ Load 
V2 
-
-
Figure 2.2 Three-wire, Single-phase Power Supplied to Both 120 V and 240 V Loads. 
±O.5 % of reading. This recommendation applies to all quantities measured, including 
voltage, current, power, and energy. 
2.2 Design Criteria 
The design of the power measurement system included determining the design 
objectives and critically evaluating the available power measurement options. This 
evaluation was focused on the various challenges, requirements, and constraints of the 
particular system and project. 
Two Valhalla Scientific Model 2101 Digital Power Analyzers were available on loan 
to the project at no cost. While capable of providing excellent accuracy (±0.25 % of 
reading ± 6 digits), these units were limited in range (20 A maximum) and did not have 
an available output for the data acquisition system of the facility. However, these units 
were used as the standard against which other techniques were evaluated, and in some 
cases, tested. 
2.2.1 Objectives 
The major objectives of the design are maximum accuracy and minimum cost. 
Other important design requirements include safety for personnel and instrumentation, 
wide rangeability, simplicity, and the ability to interface with data acquisition and/or 
control equipment. To meet these requirements, we performed a thorough investigation 
of the detailed challenges and available power measurement options. 
2.2.2 Challenges 
The power measurement of the room air conditioner is the primary concern for 
performance data, in addition to the precise determination of the heat loads faced by the 
test units. From a survey of current industry literature, it was determined that the ability 
to measure 240 V, 25 A loads would be adequate for power measurement of most test 
units smaller than the design limit of 2.5 tons. Additionally, the power measurement of 
the indoor room calorimeter loads must be capable of measuring 80 A. In both cases, 
the measurement system must be capable of measuring 120 V and 240 V loads 
simultaneously as described in Section 2.1.2.2. 
As described in the companion document detailing the design of the indoor room 
calorimeter (Fleming, 1993), the room calorimeter has been meticulously sealed to 
minimize heat and moisture transfer. Fleming has shown that for the worst case 
18 
scenario, the heat loss of the indoor room will be only 0.75 % of the capacity of the 
smallest planned test unit (0.5 tons). This underscores the need to accurately measure 
power for both test units and heat loads, as the power measurement is clearly the 
limiting factor in the accuracy of the calorimetry. 
As mentioned in the previous section on power measurement basics, the presence 
of inductive loads complicates the measurement of electrical power by introducing a 
distortion into the power waveform. This distortion is caused by phase shift between the 
voltage and current waveforms. Depending upon the proportion of the load that is 
inductive, the phase shift can change. For this reason, any measurement system must 
be able to accurately determine power over a wide range of power factors. 
The heaters providing sensible and latent heat to the indoor room are controlled 
with a CAPP 1776 process controller and relays using a time-proportional control 
scheme. The amount of heat added to each set of heaters is regulated by turning the 
relays on and off independently for a specific period of time. For preliminary testing, the 
controllers are set up to operate on a fixed duty cycle with a known power input. When 
the controllers are configured to operate in a temperature control mode, they will 
automatically adjust the 'on' portion of the duty cycle to change the heat input to the 
room. This on-off type of control presents difficulties for certain measurement devices. 
In addition, this type of on-off switching can cause distortion in the current waveforms. 
Zero-crossing relays have been employed in this facility to minimize this effect by 
permitting switching only at the instants when the instantaneous value of the current 
waveform I(t} is zero. This effectively limits distortions to the waveform caused by 
discontinuities in the power supplied to the load. 
The facility was designed to test room air conditioners between 0.5 tons of 
refrigeration and 2.5 tons of refrigeration. As such, there is a wide range of currents and 
power levels that may be encountered during the operation of the facility. In addition, 
both 240 V and 120 V room air conditioners are available for testing. To account for this 
wide range of measurement requirements, an acceptable power measurement system 
must be accurate over the entire range or be easily modified for different test units 
and/or test conditions. 
Any power measurement system installed for the calorimetry of the room air 
conditioner test facility must be capable of measuring a wide range of powers, voltages 
and currents, particularly powers and currents. Selection of m~asurement points can 
define the voltage range easily, although voltage fluctuations of more than 5 % in the 
power supply are common in the Mechanical Engineering Laboratory. Power and 
current vary significantly as testing conditions change. 
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The time-proportional control scheme discussed above is the major cause of the 
widely varying power and current levels delivered to the calorimeter room. An electric 
furnace with resistance heaters provides the indoor room calorimeter with sensible heat. 
A humidifier consisting of resistance heaters immersed in a tank of water provides latent 
heat to the room. Each of these heat' inputs is controlled by an independent zero-
crossing relay. Figure 2.3 shows an example of the effect of the independent control of 
latent and sensible heat addition on the overall current, and therefore, power, waveform. 
In Figure 2.3(a), 11 represents the current drawn by the heaters in the humidifier as the 
controller executes an on-off cycle. In Figure 2.3(b), 12 represents the current drawn by 
the electric furnace as its controller executes an on-off cycle. Figure 2.3(c) shows the 
sum of the currents for the case where there is an overlap in the 'on' states of the two 
relays. The figure shows that since the control of latent and sensible heat addition is 
independent, the RMS value of the current and power added into the room changes 
between four possible values, depending upon the state of each relay. These four 
values correspond to zero heat addition, full latent heat addition, full sensible heat 
addition, and full power latent and sensible heat addition. The period with the maximum 
current and power occurs when both loads are on. While the zero-crossing relays help 
to eliminate distortions caused by discontinuities, the wide range and rapidly changing 
power and current levels complicates the measurement significantly. 
Two main safety issues arise in consideration of power measurement systems. 
The foremost issue is the safety of the operators of the test facility. Proper isolation of 
dangerous voltages and high currents is essential to prevent injury to personnel. In 
addition, data acquisition equipment represents a significant investment for the facility. 
Therefore, protection of this equipment must also be a priority. 
2.2.3 Power Measurement Options 
Various options for current and power measurement were investigated. Voltage 
measurements are fairly straightforward. Current measurements are typically made 
with a current transformer or current shunt. The differences in these types of 
measurements are discussed below. Power measurement devices investigated include 
both electromechanical devices such as electrodynamometers and moving coil meters, 
and electronic devices, such as watt and watt-hour transducers, analog circuitry, digital 
power meters, and digital signal processing. 
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Figure 2.3 (a) Example of current supplied for latent heat load, 
(b) Example of current supplied for sensible heat load, 
(c) Sum of currents supplied to indoor calorimeter room, 
showing four possible magnitudes. 
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2.2.3.1 Current Measurements 
The two most common methods for current measurement involve the use of 
current transformers or current shunts. Each has its own advantages and 
disadvantages, as is more fully discussed below. 
Current transformers consist of a coil wound on an iron-cored toroid. The current-
carrying conductor to be measured is placed through the center of the toroid. As current 
flows in this conductor, a secondary current is induced in the transformer. Effectively, 
the secondary current is directly proportional to the primary current, but scaled down by 
the number of turns of wire in the secondary coil. This device offers inherent isolation 
from high voltages and currents, as there is no physical contact of the coils. However, 
transformers are typically optimized for one particular frequency (usually 60 Hz) and for 
sinusoidal waveforms. Distorted or chopped waveforms present problems for current 
transformers of this type. In addition, these devices can be very sensitive to the 
geometriC location of the primary wire through the transformer core. 
A current shunt is an extremely small, known resistance on the order of 0.01 0 
placed in series with a current-carrying conductor. Measurement of the voltage drop 
VI(t) across this known resistance indicates the instantaneous value of the current I(t) 
through application of Ohm's Law 
(2.9) 
where Rshunt represents the resistance of the current shunt in 0, VI(t) is in V, and I(t) is 
in A. Clearly, this instantaneous measurement can be extended over time, and the 
exact current waveform can be determined by measurement of the voltage waveform 
across the resistance. Although the use of a current shunt requires a break in the 
power line, isolation is achieved through the voltage measurement device. Voltage 
measurements are typically achieved with very high impedance devices. Also, current 
shunts do not have the frequency and geometric dependencies of current transformers. 
2.2.3.2 Power Measurements 
Electro-mechanical devices for power measurement are probably the most 
common. The various types of electro-mechanical power meters, including 
electrodynamometers and D'Arsonval meters operate under the same basic principles. 
They are based on the principle of moving a pointer or dial using a coil or magnet 
exposed to the electromagnetic field from the current to be measured. Electro-
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mechanical meters are typically used to measure the amount of energy used in private 
residences. 
Many electronic devices exist for power measurement. The devices may 
incorporate either a current shunt or transformer for the current measurement necessary 
to determine power. The devices can also be designed to produce a variety of output 
signals, depending upon user requirements. 
Watt or watt-hour transducers are small, stand-alone devices that perform a power 
or energy calculation from current and voltage inputs. This calculation may be 
performed either digitally or with analog signals, depending upon the transducer. 
Transducers may be sized for the requirements of this project easily, but would typically 
require a current transformer for the larger current inputs. Transducers can be ordered 
with virtually any standard DC output proportional to RMS W or kWh. 
Analog circuitry can be developed to calculate the true RMS power from a given 
current and voltage input. Several manufacturers offer chips which can be used for 
isolation of the current and voltage waveforms, amplification, analog multiplication and 
RMS to DC conversion. This conversion produces a DC output proportional to the true 
RMS power used in the circuit under test. Section 2.3.2 details just such a system, 
which was used as a temporary solution for room air conditioner power measurement. 
Most of the digital power meters investigated for this project use analog circuitry for 
the calculation of the instantaneous values of power. Then the meters use a digital 
multi meter to calculate the RMS value of the power waveform. These meters can be 
highly effective, yet also expensive. 
Digital signal processing could be used effectively· for calculating the RMS power 
used in a system. After sampling the voltage and current simultaneously, a 
microprocessor could multiplies the sampled data, averages and calculates it's square 
root, resulting in the RMS value of power over the averaging period. This should 
produce significant gains in accuracy, as no drift or offset occurs to the values of the 
sampled data once it is digitized. 
2.2.4 Evaluation of Options 
Table 2.2 compares the various options that were investigated for power 
measurement. Advantages in safety, features, adaptability and accuracy for the 
required power measurement tasks are noted. Additionally, for comparison, cost 
estimates to outfit the entire facility with a single option are included. Selection of the 
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Table 2.2 Evaluation of Power Measurement Options for the Room Air 
Conditioner Test Facility 
OPTION COMMENTS COST 
Electro-mechanical • Lower accuracy (± 2 % of full scale). $200 Meter • Typically for large systems (>100 A). 
• Measures distorted waveforms well. 
• Manual reading of meter or chart recorder. 
• Two donated to project. 
Watt Transducer • Require current transformers for higher loads. $1200 -
• Many types available, digital sampling and 
analog multiplication. $2000 
• Compact package, factory calibrated. 
• RAC test facility would require five watt 
transducers for all power measurements. 
Analog Circuitry • Can design in required features. $1500 
• May use either shunts or transformers. 
• High accuracy possible. (0.5 - 1.0 %) 
• Low cost, easy to adapt to various situations. 
• Effective isolation with isolation amplifiers. 
• May be used with digital sampling systems or 
alone. 
Digital Power • Electronic device can very accurately $10,000 Analyzer determine P, I, and V using analog 
multiplication and a digital multi meter. 
• Available units have no analog output for 
data acquisition system. 
• Larger systems are prohibitively expensive, 
but smaller systems may be used with current 
transformers at the expense of accuracy. 
Digital Signal • Simultaneous digital sampling of the current $5000 + Processing and voltage waveform permits digital 
(DSP) calculation of RMS power, current, voltage, 
power factor, and all other relevant quantities. 
• Extremely accurate. 
• Prohibitively high cost for true DSP chips. 
• Isolation critical before sampling. 
• Dedicated computer required. 
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power measurement method followed this evaluation, and culminated in the 
specification and design of the system discussed in the following section. 
2.3 Power Measurement System Selection and Design 
The optimum solution for power measurement of the room air conditioner test 
facility was judged to be the design and construction of a hybrid system using commonly 
available electronic components and a small, self-contained, data acquisition unit for 
digital processing. This hybrid system operates using an analog multiplication scheme 
followed by digital averaging and storage. The quantities of interest could then be 
derived from the stored data during a post-processing operation. This option appears 
particularly attractive from the cost standpoint. Proper selection of the physical 
arrangement and electronic components can offer a high degree of electrical isolation 
and safety for both users and instrumentation. High accuracy and the ability to tailor the 
system to the specific needs of the project make this the ideal power measurement 
solution for this project. 
2.3.1 General System for Indoor Room and RAe Power Measurement 
There were many acceptable options for each component of the power 
measurement system. It was determined that the system described in the following 
section would be the best for the long-term goals of the project. Room air conditioner 
performance testing is currently focused on steady-state conditions, but future plans call 
for transient testing. Currently, the thermostat controlling the cycling of the room air 
conditioner test unit has been disconnected, forcing the unit to operate continuously. 
This permits application of the temporary power measurement system described in 
Section 2.3.2. The general system below is expected to provide higher accuracy, 
particularly during cycling or transient testing. The general system is also designed to 
calculate the total power used with switching from the time-proportional controllers. As 
such, the general system was deSigned to be identical for power measurements of both 
room air conditioner total power and total power delivered to the indoor-room 
calorimeter. 
2.3.1.1 Overall Design 
Recall from Figure 2.1 that power measurements are taken between the main 
panelboard and the indoor-room calorimeter panelboard, as well as between the main 
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panelboard and the room air conditioner panelboard. Although these panelboards are 
located inside the outdoor environmental chamber, the power measurement equipment 
is located in the constant temperature guard space surrounding the indoor and outdoor 
chambers. This location was selected because the relatively constant temperature 
minimizes temperature drift in the electronic components. Also, the temperature in the 
guard space is lower than that of the outdoor environmental chamber for most test 
conditions, facilitating cooling of the power measurement components. 
The same design is used for measuring both room air conditioner total power and 
total power delivered to the indoor room calorimeter. Of course, the higher currents 
providing the load to the indoor room calorimeter necessitate larger wiring and conduit 
for the hardware portion of the device, but that is the only significant difference between 
the two systems. Figure 2.4 is a simplified schematic of the power measurement 
system, showing only power measurements. As described below, voltage and current 
measurements are also designed into the general system. This figure illustrates the two 
voltage and two current measurements required for determination of total power in the 
three-wire circuit, as discussed in Section 2.1.2.2. An analog input section supplies an 
analog signal proportional to true RMS power to a self-contained data acquisition unit. 
The self-contained data acquisition unit receives input from the analog portion of the 
circuitry through a high-speed analog to digital converter. It collects and stores the 
relevant data, then interacts with a personal computer through the RS-232 interface to 
download data. The analog and digital portions of this overall system are described in 
greater detail below. 
Figure 2.5 shows the entire analog portion of the power measurement system for 
one of the two required power measurements of a three-wire, single-phase system. The 
neutral wire is shown connected to ground in this figure, and a current shunt is installed 
in one of the two wires which is at 120 V potential relative to the neutral. Current and 
voltage information are also available. The figure also presents examples of waveforms 
at the outputs of the two buffer amplifiers and the analog multiplier. These are the 
waveforms that must be sampled by the self-contained data acquisition unit. 
The instantaneous value of the current in each shunt I(t) is proportional to the 
instantaneous differential voltage across that shunt V,(t). From Ohm's Law, represented 
by Equation 2.9, the constant of proportionality for this relationship is the resistance of 
the current shunt. Isolation amplifiers provide electrical isolation for the measurements 
of V,(t) through transformer coupling of the input differential voltage to the output of the 
amplifier. A network of non-inductive resistors provides the proper gain and offset 
adjustments for the differential voltage V,(t) and the isolation amplifier respectively. 
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The measurement of the instantaneous voltage between the neutral line and each 
of the lines at 120 V potential to the neutral Vv(t) is also accomplished through the use 
of an isolation amplifier. Operating in an inverting configuration with a large non-
inductive gain resistor (> 500 kO), the current is limited to a safe level. A smaller non-
inductive resistor (10-30 kO) in the amplifiers feedback provides the necessary 
fractional gain. Amplifier offset adjustments are accomplished on the input side as well. 
This input resistive network effectively serves as a voltage divider which scales the 
value of the instantaneous voltage between the lines being measured Vv(t) to a useful 
range. 
The outputs of the isolation amplifiers are multiplied with an analog multiplier. A 
high impedance buffer amplifier on each Signal line permits simultaneous measurement 
of Vv(t) and VI(t). Since the voltage signal is relatively unaffected by the variation in 
switching loads, it remains fairly sinusoidal. The use of an RMS to DC converter for the 
voltage measurements (Vv) is possible. By eliminating one channel of data, the use of 
the RMS to DC converter permits increased sampling speed for the determination of the 
RMS power and current by the self-contained data acquisition unit. 
The analog multipliers produce an output waveform which is the product of Vv and 
VI divided by a scale factor of 10.00. The instantaneous value of this waveform Vp(t) is 
proportional to the instantaneous power pet) in each leg of the three-wire system being 
measured. The relationship between Vp(t) and pet) is as follows: 
P(t)= Vp(t)·10.00 
RSHUNT . GI . Gv 
(2.5) 
where RSHUNT represents the resistance of the particular current shunt, GI represents 
the gain in the current measurement portion of the circuit, and Gv represents the gain in 
voltage measurement portion of the circuit. Clearly, this relations,hip will hold for the 
RMS values of Vp(t) and pet) as well. Thus, calculation of the RMS value of Vp(t) yields 
the RMS value of power used in that leg of the circuit. 
As shown in Figure 2.5, the design calls for the outputs of the two buffer amplifiers 
(Vv(t) and VI(t)) and the output of the analog multiplier Vp(t) to be sampled by the Blue 
Earth Micro-440, which serves as the self-contained data acquisition unit. The ADC-12 
analog to digital conversion module for the Blue Earth samples each waveform and an 
assembly language program in the Blue Earth squares and averages these data. For 
higher speed sampling, it may prove necessary to add more analog multipliers to the 
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circuitry and sample the squares of the waveforms, VV(t)2, VI(t)2, and Vp(t)2, as the 
squaring operation is costly in terms of execution time. 
Since the data are 12-bit numbers, it is only possible to average 16 numbers at a 
time in a 16-bit algorithm. As a result, a nested loop structure must be used for 
averaging of the data. Sampling and storing all the individual data points is impractical, 
particularly for the 120-Hz Vp(t) waveform or 240-Hz VV(t)2, VI(t)2, or Vp(t)2 waveforms. 
Acceptable resolution at these frequencies will require sampling at greater than 
4000 Hz. The current plan is to use storage of 10 second or 1 minute averages of the 
average squared values for Vp(t), VI(t), and Vv(t), and to post-process this data by 
taking the square root and multiplying it by the appropriate constant of proportionality to 
reveal the RMS values of power current and voltage. Post-processing will occur on a 
different computer. Energy use can be determined by multiplying the RMS values by 
the length of the time interval over which they were taken. 
The various components utilized in this design are described in briefly in the 
following section. For more detailed information, the individual manufacturers should be 
contacted. 
2.3.1.2 Component Information 
Current shunts were selected for the current measurement over transformers, 
since shunts are unaffected by geometric constraints and have no frequency 
dependence. Original plans were to construct a shunt from a copper bar. Because the 
resistance of copper is fairly dependent upon temperature, we decided that pure copper 
would be unsatisfactory for this purpose. Research indicated that commercially 
available shunts were manufactured from manganin, an alloy of copper with an 
extremely low temperature dependence. Current shunts were custom made for the 
project by Empro Manufacturing Co., Inc., of Indianapolis, Indiana. They were sized to 
prevent excessive heat dissipation in the electrical box, while producing a signal of 0-
250 mV for the indoor room power measurement and 0-500 mV for the room air 
conditioner power measurement. These signal levels were the best tradeoffs between 
resistance heating of the shunt and large input signals to the isolation amplifiers. 
Inputs to the isolation amplifiers pass through a resistance network that determines 
the gain for the input signal. To avoid the introduction of phase shift into the 
measurement, resistors of a non-inductive design were selected for this resistance 
network. These resistors were manufactured by Yageo to 5 % tolerance. It was 
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necessary to purchase in quantity and match resistors by hand sorting to achieve the 
desired ratios of feedback to gain resistance for the isolation amplifiers. 
The isolation amplifiers selected for this project were manufactured by Analog 
Devices, Inc. The AD210BN was selected for its high common mode rejection 
characteristics, low phase shift over the frequencies of interest, wide bandwidth and 
extremely low non-linearity. The AD210BN provides physical isolation between the 
inputs and the electronic components, and also includes isolated power supplies at the 
inputs and outputs, which were used for offset trimming. The transformer-coupling of 
inputs and outputs provides excellent protection for both people and instrumentation on 
the output side of the isolation amplifiers. 
The AD734BQ was selected as the analog multiplier for this system. It is a high-
speed, four-quadrant multiplier with very low distortion and noise characteristics. The 
AD711 IN was selected as a buffer amplifier. It is a precision operational amplifier with 
low noise and high impedance. This high impedance permits the independent 
measurement of the current and voltage in the general system without affecting the 
power measurement. 
The AD637JQ was selected as an RMS to DC converter. It was decided that the 
relative insensitivity of the voltage waveform to the particular load conditions in the test 
facility would permit this low-cost voltage measurement option. The AD637 JQ is a high 
accuracy, wide bandwidth RMS to DC converter. It calculates the RMS value of the 
input waveform using an implicit computation technique and provides a DC output signal 
proportional to the RMS value of that input waveform. 
A self-contained programmable data acquisition unit was selected for the data 
collection, averaging and storage. Manufactured by Blue Earth Research, the Micro-
440 is based on an Intel 80C51 FA microprocessor operating at 12 MHz. Independent 
expansion modules are available for the Micro-440, including a 12-bit, 12-MHz analog to 
digital converter, external data memory, and a digital interface module. The 
microprocessor can communicate with a personal computer via an RS-232 interface 
cable. An onboard real-time clock will facilitate correlation of stored data with data 
taken by the other data acquisition equipment in the laboratory. The entire package is 
available for under $500. 
The Micro-440 can be programmed in BASIC or with an available macro assembler 
package. Clearly, the high speed sampling and averaging requirements for this 
application demand assembly language programming. Assembly language instructions 
execute in approximately 1 JlS in the 80C51 FA microprocessor, and the 12-bit analog to 
digital converter can complete one conversion every 15 Jls. 
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2.3.1.3 Room Air Conditioner Test Unit Fan Power Measurement 
The room air conditioner currently under test in the test facility is a 1.S-ton Whirlpool 
unit. Data from the fan motor manufacturer showed that the maximum current draw (at 
locked rotor) for this motor would be 3.6 A. This motor operates at 240 V. A Watt 
transducer was selected for this measurement, because we had good confidence in 
their ability to accurately determine power in this range. An Ohio Semitronics, Inc., 
Model GWS-002XS was selected. Capable of producing a O-S V DC output proportional 
to 0-1000 W measurement, this unit will be adequate for most test units in the O.S to 
2.S tons of refrigeration range. Small (lOW current) watt transducers do not need an 
external current transformer. They operate with either a shunt or an internal 
transformer, which can be oriented in the factory so that the wire to be measured is 
precisely in the center of the transformer. We felt that this would ensure better 
accuracy. Additionally, the 0-1000 W range is well within our ability to calibrate with the 
high accuracy Valhalla Digital Power Analyzers. 
2.3.2 Temporary System for RAe Power Measurement 
While the general system is being completed, a temporary measurement for power 
is required. As shown in Figure 2.1, two electromechanical kilowatt-hour (kWh) meters 
were installed with the electrical distribution system. These meters were used during 
the preliminary testing and debugging of the test facility. The meters have a nominal 
accuracy of ±2 % and must be read manually by counting the turns of the dial for a 
specified period of time. The accuracy of the measurement was improved for the total 
room air conditioner power measurement by installing the temporary system described 
in the following section. 
2.3.2.1 Total Room Air Conditioner Power Measurement 
Figure 2.6 shows the temporary power measurement system for the total power 
drawn by the room air conditioner test unit. This system is based upon a basic power 
measurement scheme employing an. RMS to DC converter (Analog Devices, 1986). An 
analog multiplier has two scaled and isolated voltage inputs. Voltage proportional to 
current V, is measured across a manganin current shunt in one line. The voltage 
between the two current-carrying lines Vv is the second input. These scaled and 
isolated voltages are also used as inputs to individual RMS to DC converters following 
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Figure 2.6 Temporary Power Measurement System for 240 V Room Air Conditioner. 
buffer amplifiers. These converters produce a DC output proportional to the true RMS 
current and the true RMS voltage respectively. The output of the analog multiplier is the 
waveform resulting from multiplication of Vv and VI. This waveform is converted by a 
third RMS to DC converter, resulting in a DC output proportional to true RMS power. 
2.3.2.2 Room Air Conditioner Fan Power Measurement 
Room air conditioner fan power is measured using the method described in 
Section 2.3.1 .3. 
2.4 Power Measurement System Evaluation 
2.4.1 General System 
Although the general design has been laid out, the microprocessor programming 
and final component selections are still in progress as of this writing. As a result, no firm 
data exists on the performance of the combined analog multiplication and digital 
averaging system described previously. 
2.4.2 Temporary System for RAe Power Measurement 
The temporary system described above in Section 2.2.3 was constructed and 
tested against a Valhalla Scientific Model 2101 Digital Power Analyzer. The temporary 
system was found to produce a smaller output signal than desired but was still installed 
in the guard space surrounding the test facility. Based on the linear quality of the 
calibration curve, the system was judged adequate as a temporary solution. 
2.4.3.1 Total Room Air Conditioner Power Measurement 
The problems with the temporary system can be partially attributed to the 
extremely conservative selection of gain resistors for the isolation amplifiers. Gain 
resistors were later modified to reflect the fact that crest factors from the particular 
voltage waveforms representing line voltage and current were lower than originally 
predicted. Figure 2.7 shows the final calibration data for the initial system with 240 V 
room air conditioner loads. We varied the temperatures in the indoor and outdoor room 
until we had put the test unit through the entire range of its operation. The calibration 
curve is very good. For power consumption greater than 1500 W, the temporary system 
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is within 0.15 % deviation from the Valhalla Digital Power Analyzer. This is a marked 
improvement over the manual reading of the kilowatt-hour meters in the outdoor room. 
2.4.3.2 Room Air Conditioner Fan Power Measurement 
As mentioned previously, the fan power of individual test units needed to be 
resolved from the overall test unit power. The Ohio Semitronics model GW5-002X5 
watt transducer installed in the test facility was factory calibrated, with a rated accuracy 
of ±0.2 % of reading. Figure 2.8 is an independent verification of this calibration by 
calibration with a Valhalla Scientific Model 2101 Digital Power Analyzer (accuracy 
±O.25 % of reading) over the full 1000 W range of the factory calibration. The figures 
clearly indicate a high degree of linearity between the Digital Power Analyzer and the 
watt transducer. The power readings were within the rated accuracy's of the two 
devices in this range. Data were taken in increasing and decreasing steps to quantify 
hysteresis. Both figures illustrate that no significant hysteresis was present. 
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3. DESIGN AND CHARACTERIZATION OF THE ROOM AIR 
CONDITIONER TEST FACILITY 
As discussed in the introductory chapter, the room air conditioner test facility was 
originally designed to function as a research tool, to aid in the validation of current room 
air conditioner simulation models and the development of new simulation and design 
models. The goals have expanded to include performance evaluation of proposed 
replacements for HCFC-22 and evaluations of the effects of individual component 
enhancements on the overall room air conditioner system performance. Fortunately, 
this expanded scope does not affect the original design criteria. In order to provide the 
information required for the validation and development of improved simulation and 
design computer models, the test facility must be capable of providing a wide range of 
operating conditions for test units. As described below, this wide range of conditions, 
combined with the large design range of capacities for the room air conditioner test 
units, motivated the development of designs to provide adequate control and 
measurement of the various system parameters. 
3.1 Design Criteria 
The discussion of the ASHRAE Standard test facilities in Chapter 1 included a 
detailed description of the requirements for Standard test facilities for energy efficiency 
evaluation. Section 1.3 reviewed the relevant specifications of the ASH RAE calibrated-
room type calorimeter, which are the general guidelines upon which we designed the 
room air conditioner test facility. The fact that our facility is required to perform over a 
wide range of conditions for a variety of room air conditioner capacities motivated us to 
deviate somewhat from the Standard facility design. However, the end result is a less 
expensive facility with greater capabilities than Standard test facilities. 
A computer simulation was performed to determine the range of psychrometric 
conditions required to operate the planned range of room air conditioner test units over 
their entire compressor map. This simulation predicted that the indoor room conditions 
would range from 55 OF to 120 OF with relative humidities from 10 % to 95 %~ The 
outdoor environmental chamber conditions must range from 70 OF to 120 OF with relative 
humidities from 20 % to 90 %. The equipment required to set these conditions needs to 
be capable of maintaining these temperatures and humidities for room air conditioners 
from 0.5 to 2.5 tons of refrigeration. 
It was determined that for off-design conditions of the largest test units, the indoor 
room of the facility must be capable of independently providing sensible heating of 
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approximately 10 kW and latent heating of approximately 8 kW. The total heating 
(sensible and latent) required at steady-state conditions will never exceed 14 kW, 
although this excess capability will aid in changing test conditions. The 8 kW value for 
latent heating corresponds to approximately 27 Ibm/hr of water addition. Since the 
maximum values for sensible and latent heating requirements are at steady-state, this is 
also the amount of moisture added to the outdoor environmental chamber. As such, the 
outdoor chamber must be capable of removing 27 Ibm/hr of water from the air, and 
removing a maximum of about 18 kW total heating (sensible and latent) to allow for the 
power consumed by the room air conditioner. 
3.2 Outdoor Environmental Chamber 
The outdoor environmental chamber provides the environmental conditions for the 
condenser of the room air conditioners being tested. Requirements for moisture and 
temperature stability are identical to those for the indoor room calorimeter, as are 
requirements for air-tight and moisture-proof construction. The major design features of 
the outdoor chamber include the specification of the cooling and dehumidification 
system and the integration of a control strategy to operate the chamber at steady state 
over the wide range of conditions described previously. Additionally, the all-foam 
construction of the indoor room calorimeter necessitated the development of a system 
to support room air conditioners from the outdoor room. These and other miscellaneous 
design issues associated with the development of the outdoor environmental chamber 
are discussed in the following sections. 
3.2.1 Cooling and Dehumidification System Options 
A major part of the air reconditioning system for the outdoor environmental 
chamber is the cooling and dehumidification system. For test units to operate at steady 
state, the outdoor room air reconditioning equipment must be able to remove heat and 
moisture from the outdoor room at the same rate at which it is added by the room air 
conditioner. Presented below is a brief discussion of the three main options considered 
for this purpose. 
3.2.1.1 Dual Heat Pump System with Hot-Gas Bypass 
One system that was investigated for cooling and dehumidification of the outdoor 
room is shown in Figure 3.1. This system uses two heat pumps with remote 
condensers for cooling and humidity control. This design employs a two-ton heat pump 
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Figure 3.1 Outdoor Environmental Control - Dual Heat Pumps and Hot-Gas Bypass System. 
to provide a base level of cooling, which is supplemented by a three-ton heat pump that 
is modified to operate with a hot-gas bypass system for capacity control. A hot-gas 
bypass system directs some of the hot refrigerant vapor from the outlet of the 
compressor to the evaporator coil, reducing the cooling effect in the evaporator. The 
control scheme for this system would allow operation of each heat pump independently. 
Thus, a wide range of cooling capacities could be achieved by operating either or both 
heat pumps. Similarly, the removal of moisture from the outdoor environmental 
chamber could be controlled by operating the hot-gas bypass system at different 
evaporator coil temperatures, thus controlling the rate of condensation of moisture from 
the outdoor chamber air. 
This system was ruled out because of the long lead time required to develop and 
debug the physical system and complex control systems. It was also suspected that for 
the heat pump to control humidity with the hot-gas bypass scheme, significant over-
sizing would have been required. Additionally, the evaporator coils for the base load 
heat pump would have been typically very cold, potentially creating the need for an 
additional humidification system in the outdoor environmental chamber to maintain the 
desired conditions of humidity. For these reasons, investigation of this option was 
halted at a preliminary stage. 
3.2.1.2 Heat Pump and Desiccant Wheel System 
Figure 3.2 shows another system that was considered for the temperature and 
humidity control in the outdoor environmental chamber. This system utilizes a heat 
pump for cooling and a desiccant wheel for dehumidification. Modular systems utilizing 
desiccants are also available commercially with water cooling coil options. The 
desiccant wheel system depicted in Figure 3.2 provides excellent humidity control. Air 
in the outdoor environmental chamber is ducted to the desiccant wheel assembly where 
it passes over the wheel, which removes moisture from the airstream. The wheel 
rotates at a constant rate, and humidity control is actually determined by the amount of 
regeneration that the desiccant undergoes. Regeneration is controlled by the heater 
which raises the temperature of the ambient air drying the rotating desiccant wheel. 
The dehumidifier is separated into two insulated sections, but the mass of the wheel still 
transfers a significant amount of heat to the outdoor chamber air. As a reSUlt, the heat 
pump must be sized large enough to remove the heat loads from the indoor room, the 
room air conditioner power, and the desiccant wheel system. 
Several factors indicated that this type of system was unsatisfactory. First, a local 
supplier estimated the cost of the desiccant wheel required to remove the maximum 
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Figure 3.2 Outdoor Environmental Control - Heat Pump and Desiccant Wheel System. 
latent heat load at $20,000. This cost did not include a heat pump or cooling coil option. 
In addition, this type of system has a tremendous energy cost. The heater on the 
regenerator side would require over 20 kW to operate at the maximum moisture load 
condition. The air ducting arrangement is complex, but necessary to prevent heating of 
the guard space. These high capital and operating costs ended further consideration of 
this system. 
3.2.1.3 Chiller and Fan-coil Unit 
Figure 3.3 shows the third option investigated for the cooling and dehumidification 
of the outdoor environmental chamber. A chiller provides constant temperature water to 
a water coil located in the outdoor chamber. A centrifugal fan circulates air across the 
cooling coil and into the outdoor room. Control of humidity in the outdoor chamber is 
accomplished by control of the coil temperature, which determines the dew point of the 
air that crosses the coil. A control valve is used to control the mass flow rate through 
the coil, effectively determining the heat transfer from the air to the coil. We felt that this 
system had several advantages over the other options, including the availability of 
complete components, relatively low cost, and ease of installation. As such, this 
method was selected for cooling and dehumidification of the outdoor environmental 
chamber. The complete design of this system is described more fully in the following 
section. 
3.2.2 Outdoor Environmental Chamber Air Reconditioning and Distribution 
System 
The air reconditioning and distribution system consists of all the equipment used to 
maintain the steady-state test conditions for the condenser side of the Room Air 
Conditioner Test Facility. This includes cooling and dehumidification equipment, 
recirculating and mixing fans, ductwork and all the devices used to control this 
equipment. The following sections detail the components of the air reconditioning and 
distribution system as currently installed. 
3.2.2.1 Overview 
As shown in Figure 3.3 and discussed previously, a chiller and packaged fan-coil 
unit were selected to provide the cooling and dehumidification for the outdoor 
environmental chamber. A pneumatic control valve was installed in a parallel circuit 
with the coil, permitting control of mass flow rate through the coil. The actual 
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Figure 3.3 Outdoor Environmental Control- Chiller and Fan-Coil System. 
configuration of the equipment is somewhat different than shown in the schematic of 
Figure 3.3. The fan-coil unit is located in the guard space surrounding the outdoor 
environmental chamber and air is drawn through an insulated duct to the coil before 
being forced out of a simple duct system. The simple duct system diverts the flow of the 
air to the sides of the outdoor chamber. At one side of this chamber, a small box fan is 
used to provide improved mixing of the air in the outdoor environmental chamber. 
3.2.2.2 Chiller Specifications 
From the discussion of the required testing range for the facility, it is evident that a 
cooling capacity of 14 kW is adequate for steady-state operating conditions. However, 
excess capacity is desired in the cooling system to facilitate rapid changes in testing 
conditions. A Neslab Instruments, Inc. Model HX-750 recirculating chiller was selected 
for this application. This chiller has a nominal cooling capacity of 24 kW at ambient 
conditions. The capacity of these units decreases with both increasing ambient 
temperature and decreasing recirculating temperature, so the apparent excess in design 
cooling capacity is warranted. Typical ambient temperatures in the laboratory space 
which houses the chiller reach 85 OF or higher in the summertime. 
The HX-750 chiller is rated to provide a ±O.1 °C temperature stability. This stability 
is achieved through a controlled hot-gas bypass system. The HX-750 was also 
purchased with an optional extended temperature range, from -15°C to +35 °C. 
Substitution of an ethylene glycol solution for the recirculating water is necessary to 
operate at temperatures lower than 8°C, but it was felt that this option was important for 
possible future testing of small split systems in the facility. 
An optional 2.5 hp centrifugal pump was specified after a simple design calculation 
of system pressure drop, assuming a target maximum water recirculation rate of 
20 gpm. This was the maximum size pump available from the manufacturer. Operating 
experience with the system showed that the maximum recirculation rate was 
unobtainable. The cause was determined to be excessive pressure drop within the 
chiller itself due to the deSign of the return piping within the unit. As a result, an 
additional pump was sized and purchased to facilitate the attainment of the required 
higher flow rates. All data discussed in this thesis have been. obtained without this 
booster pump installed. 
3.2.2.3 Coil Selection 
A packaged fan-coil unit was selected to cool the air in the outdoor environmental 
chamber. A packaged unit was purchased based on general specifications early in the 
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design of the overall system. This unit is capable of transferring all the required heat 
loads to the circulating fluid supplied by the chiller. The decision to purchase a 
packaged fan-coil unit was made because of the ease of installation and short lead time 
offered by the manufacturer. Although water coils are typically used over a range of 
conditions, the range required for this application is certainly extreme. This led to many 
difficulties in coil selection. As discussed in the system evaluation section of this 
chapter, the coil purchased ultimately proved to be problematic in certain respects. 
However, it provides adequate cooling for a significant range of testing. 
3.2.2.4 Air Distribution System 
The original plans for installation of the cooling and dehumidification system was to 
place the fan-coil unit directly in the outdoor environmental chamber, as shown in 
Figure 3.3. We discovered that this approach was quite impractical based on the size of 
the unit, as it severely restricted movement in the outdoor chamber. Additionally, the 
additional length of tubing required to connect the coil to the chiller was undesirable, 
considering the unexpected pressure drop within the chiller. 
As a result, the coil was located in the guard space surrounding the outdoor 
chamber, and air was directed to the coil through an insulated duct constructed of rigid 
foam. This intake duct is directly above the coil, and faces the outlet of the room air 
conditioner condenser. To prevent the introduction of high velocities within the 
restricted three foot zone around the air conditioner, the intake duct was made very 
large. The outlet was directed to both sides of the room, away from the test unit. 
Initial testing indicated that a large degree of horizontal stratification was occurring 
in the outdoor environmental chamber. To reduce this stratification, several different 
duct designs were implemented. However, the simplest solution was to place a small 
box fan on a chair in the outdoor chamber. When directed along the length of the room, 
the stratification problems vanished. In all cases, the air velocity within 3 ft of the air 
conditioner was determined to be within the 100 ft/min maximum permitted by the 
ASHRAE Standard. 
3.2.3 Cantilevered Test Unit Support System 
In the companion document to this text, Fleming (1993) describes the bank-vault 
style of the large penetrations in the partition wall between the indoor room calorimeter 
and the outdoor environmental chamber. This construction style permitted the 
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installation of four layers of gasketing, one at each level of the bank-vault type 
penetration; This design effectively limits infiltration of the indoor calorimeter room. 
As discussed in Section 3.4 below, the partition wall between the indoor room 
calorimeter and the outdoor environmental chamber is constructed entirely of 
polycyanoacrilate foam insulation. While providing excellent resistance to heat transfer, 
this partition wall is not designed to support the room air conditioner test units. The 
facility was designed to test room air conditioners as large as 2.5 tons of refrigeration. A 
review of industry literature revealed that test units exceeding 250 pounds were 
possible. 
Figure 3.4 shows a specially designed support system for the room air conditioner 
test units. This support system is built upon a heavy-duty steel cart with large wheels 
for easy mobility during test unit exchange and instrumentation. The test unit is 
attached to the 3/4 in. plywood sheet by means of two adjustable packing straps (not 
shown). The plywood is sufficiently stiff to permit the unit to be cantilevered out beyond 
the base of the cart and into the foam partition wall. This permits sealing around the 
entire air conditioner cabinet, eliminating a conduction path through the wall. The 
plywood sheet rests upon three leveling mounts which extend through steel plates 
attached to the top of the heavy-duty cart. These leveling mounts provide three-point 
positioning which enable leveling of the test unit in the event of shifting, settling, or 
swelling of the wooden floor of the outdoor environmental chamber. To balance the 
cart, several blocks of steel stock were placed in the base of the cart as counterweights. 
This system has proved effective. 
3.2.4 Other Issues 
Several other issues were solved during the design and debugging of the test 
facility. Among them are problems with heat and moisture loss from the outdoor room 
and determining the quality of water supplied to the chiller and to the humidification 
system in the indoor room calorimeter. 
3.2.4.1 Minimizing Heat and Moisture Loss 
Several methods were employed to minimize heat and moisture loss from the 
outdoor environmental chamber. The construction of the partition wall between the 
indoor room calorimeter and the outdoor environmental chamber is deferred until 
Section 3.3.2 below, as part of the review of the concurrent design of the indoor room 
calorimeter room by Fleming (1993). The outdoor environmental chamber is one half of 
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a research house built inside a well-insulated guard space. We converted this structure 
by improving the insulation in the walls of the chamber and providing additional vapor 
barriers. One wall of the chamber consists of a hard plaster covering over a four-inch 
section of cork. We believe that behind this cork is another layer of hard plaster, four 
additional inches of cork and another layer of plaster, as this is the design of the outer 
enclosure for the constant temperature guard space. It is believed that a cinder block 
wall is the final barrier between this wall and additional laboratory space. 
Three sides of the chamber, including two walls, the floor, and the ceiling, are 
constructed of wood. The floor is suspended three-feet above a dead air space that 
extends beneath both the outdoor chamber and the indoor room calorimeter. The floor 
was sealed with caulking material and spackling compound before the application of 
several thick layers of oil-based paint. The air space below the room was sealed off. 
Even though this violates the requirement of the ASHRAE Standard of free circulation 
below the test facility, our performance testing has not revealed any excessive heating 
in the space below the facility to date. 
Fiberglass insulation was installed inside one of the walls of the outdoor chamber 
and a layer of 3 mil plastic sheeting was applied as a moisture barrier before the 
wooden interior wall was replaced. The remaining wall was already filled with cellulose 
insulation, so it was unaltered. All penetrations through the walls and ceiling are either 
caulked with silicone or sealed with a spackling compound. Electrical conduit or tubing 
used for control or instrumentation wire is sealed with a waterproof clay after the 
installation of wires. This prevents air and moisture transfer through these conduits to 
the guard space or the indoor room calorimeter. 
The electrical distribution system, shown previously in Figure 2.1, is installed on 
the North wall of the outdoor environmental chamber. In all cases, electrical conduit is 
sealed in the outdoor room as described in the following paragraph. The panelboards 
are attached rigidly to the wall and the junction between the metal and the wall is sealed 
with a silicone caulking compound. This covers all wooden surfaces that would 
otherwise serve as moisture sources (or sinks) in the outdoor chamber. 
The three walls and the ceiling of the outdoor room were sanded and cleaned. 
Several layers of Insul-Aid™ Latex Vapor Barrier-Primer were applied to these surfaces. 
This paint creates an effective waterproof barrier on the surface to which it is applied, 
equivalent to a 2 mil sheet of medium density polyethylene for each coat of Insul-Aid™. 
Two coats of a latex paint were applied to protect the waterproof barrier from normal 
wear and tear in the laboratory environment. It should be noted that this method of 
waterproofing was also applied to the wooden surfaces of the door frame leading into 
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the chamber and the window frame which serves as the frame of the duct for the fan-
coil unit. The duct is constructed of rigid polyisocyanurate foam. attached to the window 
frame with a waterproof aluminum tape. This effectively limits heat and moisture losses 
from the duct to the guard space. 
Finally. the door which permits entry to the outdoor chamber was sealed on both 
sides with gasketing material to prevent moisture transfer through the doorway. 
Additionally. a three-inch thick sheet of polyisocyanurate insulation was cut to fit the 
door frame. This insulation is put into place during testing. but it is not attached rigidly 
to the door. This permits visual inspections of the outdoor chamber through the window 
in the door during testing. It's high resistance to heat transfer (R-value of approximately 
22.6 hr-ft2-oF/Btu) makes the doorway a very resistive path for heat transfer. 
3.2.4.2 Water Supply Treatment 
One issue that was investigated early in the course of the project is the quality of 
the laboratory water supply. There was concern that minerals or sediment in the water 
might coat or clog humidification equipment developed for the indoor room calorimeter. 
particularly if the system were configured in such a way that frequent inspections of that 
equipment were not desired or possible. We also wanted a sediment-free source for the 
cooling water of our chiller system. 
Deionizing, distillation. reverse osmosis and filtration equipment were investigated. 
A 5-lJ.m carbon filter was installed to remove sediment from the water line supplying our 
humidifier and chiller systems. We delayed purchase of an extensive water treatment 
system until the humidification system was designed and evaluated. Operating 
experience with the humidifier showed that only some minor scaling was present. This 
scale was easily removed by hand scrubbing or water rinse. For this reason, we 
determined that installation of additional water treatment equipment was unwarranted. 
3.3 Indoor Room Calorimeter 
The following is a brief overview of the requirements and design of the indoor: room 
calorimeter. A full description of the design and characteristics of the indoor room 
calorimeter can be found in a companion document by Fleming (1993). 
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3.3.1 Requirements 
Based upon the ASH RAE calibrated room-type calorimeter, the indoor room 
calorimeter must necessarily have small and well-quantified heat and moisture leakage 
rates. In addition, the air reconditioning equipment for the indoor room calorimeter must 
provide the necessary heat and moisture loads for performance testing of test units 
between 0.5 and 2.5 tons of refrigeration in capacity. The control systems for the heat 
and moisture addition must facilitate the attainment and stability of steady-state 
operating conditions over a wide range of temperature and humidity. Success in 
meeting these stringent requirements will make the facility a viable research tool for the 
validation and development of computer simulation and design models for room air 
conditioners. 
3.3.2 Design Overview 
The indoor room calorimeter was designed to provide accurate heat and moisture 
balances, which are required to determine the sensible and latent cooling capacity of 
room air conditioners under test. The walls, floor and ceiling of the indoor room 
calorimeter are built entirely of polyisocyanurate foam. A four-layer construction with 
sealed and offset joints between foam boards provides an extremely air-tight and 
moisture-proof chamber for our capacity measurements. A total of 12 in. of foam on all 
sides provide an R-value of approximately 84. The calorimeter is internally supported 
by an aluminum unistrut frame, and has a minimum of penetrations through the partition 
wall separating the calorimeter from the outdoor environmental chamber. Where 
penetrations were required for instrumentation, PVC conduit was installed to minimize 
conduction losses. Conduits for electrical service and instrumentation wiring were 
sealed with a water-prOOf clay after the wiring was installed, preventing moisture and air 
transfer between the two compartments. 
An access door and a test unit installation window are constructed of 
polyisocyanurate foam in a layered, bank-vault style. A closed-cell neoprene gasket is 
installed on each meeting face. An extensive clamping system is employed to seal the 
door and window very tightly against possible air and moisture transfer. Pressure relief 
valves are installed in the partition wall to equalize pressures between the two 
compartments during changes in test conditions. Currently, the there is no method ·for 
measuring the air and moisture transferred through these valves. 
A residential electric furnace with a 2000 cfm blower provides a maximum of 10 kW 
of sensible heating to the indoor room calorimeter. A specially designed plenum insures 
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that the maximum velocity of the air heated in this furnace does not exceed the limit of 
100 ftlmin within 3 ft of the room air conditioner test unit. A humidifier provides between 
o and 8 kW of latent heating to the indoor room. A counterweighing system was 
designed to determine the rate of moisture addition by the recording the rate of change 
of weight in the humidifier. Control of sensible and latent heat addition is achieved 
through a time-proportional scheme as described in Chapter 2. Again, for a detailed 
description of these systems and the design of the indoor room calorimeter, see the 
document issued concurrently by Fleming (1993). 
3.4 Data Acquisition and Instrumentation 
The following section describes the data acquisition systems and the current level 
of instrumentation in both chambers of the room air conditioner test facility. Additionally, 
the preliminary instrumentation of the 1.5-ton Whirlpool air conditioner is described, 
along with the methodology for future room air conditioner test unit instrumentation. 
3.4.1 Data Acquisition Systems 
We investigated several commercially available data acquisition systems. We 
considered both microcomputer-based data acquisition programs and dedicated data 
acquisition systems. A dedicated data acquisition system was the preferred method, 
and a Fluke Model 2280 Datalogger was available on loan at no cost to the project. The 
datalogger was installed as our primary data acquisition system. This system has the 
onboard capability to monitor 100 input channels at a maximum rate of 15 channels per 
second. Currently, one RTD excitation board and four 20-channel isothermal input 
boards are installed. The isothermal input boards enable temperature compensated 
thermocouple measurements as well as DC voltage· measurements to a very high 
resolution and accuracy. The current system has an adequate number of unused 
channels available for the continued room air conditioner instrumentation plans 
described in Section 3.4.4 below. 
As discussed in Chapter 2, a Blue Earth Micro-440e micro-controller serves as a 
self-contained data acquisition unit for the general design of the power measurement 
system. The Micro-440e uses a 12-bit analog to digital converter to resolve DC voltage 
signals between 0 and 5 V. This permits a resolution of one part in 4096, or 0.024 %. 
Total error of the analog to digital conversion is rated at one-half least significant bit, 
which is on the same order as this resolution. A portable computer is connected to the 
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Micro-440e via an RS-232 cable. This portable computer is used to read stored data 
from the internal memory of the Micro-440e and write the data to disk for later reduction 
and interpretation. 
3.4.2 Outdoor Environmental Chamber Instrumentation 
Instrumentation of the outdoor room consists of three types of measurements. 
Temperature and humidity measurements determine the operating condition of the 
outdoor environmental chamber. Power measurement systems are used to determine 
the capacity and energy used by room air conditioners under test. Various temperature 
measurements are made in the air reconditioning system to characterize its operating 
status. 
3.4.2.1 Outdoor Environmental Chamber Temperature and Humidity Measurement 
Fourteen 30-gauge, type-T thermocouples are distributed along the walls and 
ceiling of the outdoor room. In addition, one 30-gauge, type-T thermocouple is located 
in each zone of the constant temperature guard space surrounding the facility. These 
themocouples are constructed from wire with a 0.5 °C tolerance. They have been used 
to determine the thermal stratification of the chamber as well as to track the change in 
temperature of the various zones in the guard space. The true air properties of the 
outdoor environmental chamber are determined with two aspirated and radiation-
shielded temperature and relative humidity probes. The radiation shields were available 
on loan to the project at no cost, and the probes provide excellent accuracy for the 
measurement of temperature (±0.3 °C) and relative humidity (±2 % for 0 to 90 % relative 
humidity). Preliminary testing of the facility showed that placement of these probes in 
the area being measured was extremely critical to measurement. However, this 
situation was simplified by the addition of the mixing fan to the outdoor room, as 
described in Section 3.2.2.3. 
3.4.2.2 Test Facility Power Measurement Systems 
Power measurement systems for both the room air conditioner test units and the 
indoor room calorimeter are located in the outdoor environmental chamber and the 
guard space surrounding the two chambers. These systems were detailed in Chapter 2. 
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3.4.2.3 Air Reconditioning Equipment 
The instrumentation system for the air reconditioning equipment of the outdoor 
environmental chamber includes chiller tank temperatures, coil water inlet and outlet 
temperatures, chiller setpoint determination and coil inlet and outlet duct air 
temperatures. 
The Neslab HX-750 chiller advertises a ±O.1 °C temperature stability. However, 
the digital readout on the unit only displays values to the nearest full degree. This is 
undesirable from control and measurement standpoints. To correct this situation, we 
tapped into the 15-pin D-subminiature access receptacle on the chiller for two 
measurements. The 10 mV/oC linear output of the tank temperature sensor is read and 
recorded by the Fluke Model 2280 Datalogger. The datalogger is programmed to 
convert the signal from mV to of. To provide better control of the chiller temperature, 
banana plugs are wired into the pins of the access receptacle that provide a 10 mV/oC 
output for the setpoint. During testing, the banana plugs are connected to a portable 
voltmeter, which permits setpoint adjustment to 0.1 °c 
One 30-gauge, type-T thermocouple was attached to each of the inlet and outlet 
tubes of the coil. These thermocouples were then insulated to provide a general idea of 
the temperature difference across the coil. Similarly, two thermocouples of the same 
size and type hang in the inlet air stream for the coil and one sits in the outlet duct. As 
stated before, these uncalibrated thermocouples have an accuracy of ±O.5 °C. 
3.4.3 Indoor Room Instrumentation 
All data is logged by the Fluke Model 2280 Datalogger described in Section 3.4.1 . 
Indoor room temperature and humidity are determined using a pair of aspirated and 
radiation-shielded temperature and relative humidity temperature probes identical to the 
pair located in the outdoor environmental chamber. Surface temperatures at the walls, 
floor and ceiling are determined using 30-gauge, type-T thermocouples, with an 
accuracy of ±0.5 °C. Power input to the indoor calorimeter room is to be measured 
using the system described in Chapter 2 of this document. Moisture addition is 
determined through the use of a calibrated load cell attached to a counterweighing 
system as described previously. This system provides a resolution of 0.05 Ibm in the 
measurement of the counterweighted humidifier assembly. This yields extremely fine 
resolution of the moisture addition rate to the indoor room calorimeter (Fleming, 1993). 
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3.4.4 Room Air Conditioner Instrumentation 
The air-side of 1.5-ton Whirlpool room air conditioner that is currently installed in 
the test facility was minimally instrumented for preliminary testing of the facility. This 
instrumentation provided basic information used in the validation process of the room air 
conditioner model developed by Hahn (1993). Section 2.3 described the power 
measurement system for determining total room air conditioner power and the room air 
conditioner fan power. As discussed previously, this measurement is critical to capacity 
measurements. Thermocouples were installed to measure the inlet and outlet air 
temperatures of both the condenser and evaporator of the test unit. Insulated surface 
thermocouples were also installed in the two-phase zones of the evaporator and 
condenser and several other locations along the refrigerant loop. Future plans include a 
step-by-step instrumentation of a test unit with immersion thermocouples, pressure 
transducers and a mass flow meter. The step-by-step instrumentation procedure will 
enable the effects of each level of instrumentation to be quantified. This refrigerant-side 
instrumentation illustrates a significant improvement from the ASHRAE Standard 
efficiency rating chamber, in terms of the ability to determine the effects of variations in 
system performance over a wide range of conditions. 
3.5 Outdoor Environmental Chamber Operating Characteristics 
The operating characteristics of the outdoor environmental chamber are described 
below. A significant amount of qualitative information and insight has been gained 
through the preliminary testing to evaluate the capabilities of the indoor room 
calorimeter. The insights gained through these tests are discussed below. 
3.5.1 Steady-State Heat Loss and Temperature Stability 
The steady-state heat loss of the indoor room calorimeter is of significant concern 
from the standpoint of an energy balance. Heat loss from the outdoor environmental 
chamber is minimized to maintain the constant temperature in the guard space 
surrounding the indoor and outdoor chambers. We performed a simple steady-state 
heat loss test on the outdoor environmental chamber to quantify the heat loss at various 
conditions. The results of this heat leak test are shown in Figure 3.5. For a 20 OF 
temperature difference between the guard space and the outdoor environmental 
chamber, we determined a steady-state heat loss of roughly 2000 Btulhr. This heat loss 
was greater than desired, and inspection of the temperatures in the various areas of the 
guard space revealed a temperature change of several degrees in the guard space 
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above both chambers. An additional six inches of fiberglass insulation was installed in 
the guard space above the outdoor environmental chamber to minimize this effect. It is 
believed that this additional insulation is an adequate solution to the problem. 
Figure 3.6 shows the temperature stability of the chiller tank temperature over 
several hours of steady-state facility operation. This figure shows that the chiller 
maintains tank temperature within ±O.1 °C for virtually every measurement; however, 
larger variations have been seen in subsequent testing. The temperature stability of the 
chiller is directly responsible for the extremely fine temperature stability of the outdoor 
room. Figure 3.7 shows an example of the outdoor room temperature at a steady-state 
operating condition. Although this example is from a test with pure sensible heating in 
the indoor room calorimeter, it is fairly representative of other conditions tested thus far. 
In fact, even for the cases where chiller temperature varied by more than the specified 
±O.1 °C, the room temperature showed better stability, probably due to the small, but 
non-negligible amount of thermal mass in the outdoor chamber. It appears that control 
of the chiller tank temperature provides a good control of outdoor environmental 
chamber temperature. 
3.5.2 Transient Response 
Our preliminary tests indicate that the outdoor environmental chamber responds far 
more quickly to changes in setpoint than the indoor room. This is most likely the result 
of the far lower thermal mass in the outdoor environmental chamber, and is beneficial 
for changing test conditions. The outdoor environmental chamber can rapidly be 
adjusted to a new setpoint. Figure 3.8 is an example of a change in outdoor 
environmental chamber temperature under a purely sensible heat load in the indoor 
room calorimeter. Transferred through the air conditioner, this heat load is the primary 
source of heat to the outdoor room. The work of the compressor increases the amount 
of heat rejected to the outdoor environmental chamber. A final source of heating is the 
hot gas bypass system in the chiller, which serves to heat the water in the chiller tank by 
diverting hot compressed refrigerant vapor through the evaporator coil located in the 
chiller tank. Figure 3.8 shows that for an increase in chiller setpoint of approximately 
22 OF, the chiller reaches setpoint in less than one hour. The outdoor room continues to 
heat, but is within 10 % of its final temperature within 3 hr. The continued slow change 
in temperature is most likely due to the coupling of the chambers and the long time 
constant of the indoor room. Figure 3.9 shows that the response of the system to a 
decrease in setpoint is even more rapid, due to the high capacity of the chiller system. 
This figure shows the rate at which the room and chiller system respond to the 
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maximum possible decrease in setpoint without the addition of ethylene glycol to the 
recirculating fluid for freeze protection. 
3.5.3 Effectiveness of Control Strategy 
Operating experience with the coolant loop system indicated that the control 
scheme that we have implemented will require modification. It appears that the current 
configuration of the cooling loop leads to a situation where temperature effects far 
outweigh mass flow considerations. The current configuration of the coolant loop 
permits a three to one reduction in mass flow rate through the coil by varying the control 
valve position from fully closed to fully open. Figure 3.10 shows that this corresponds to 
a very minimal change in outdoor room temperature. The heat transfer from the air to 
the water in the coil is extremely efficient. Currently, the minimum mass flow achievable 
in this configuration provides greater cooling capacity than is required by the test 
conditions. To use this coolant loop configuration for control, the flow rates to the coil 
would have to be slowed tremendously. This can be achieved either by an additional 
restriction in the water line leading to the coil beyond the control valve bypass, or by 
adjusting the flow rate of the entire system. However, reconsideration of alternate 
control strategies is not unjustified at this point, as the control of outdoor room humidity 
by coil temperature is currently impractical. This matter is discussed further in the 
recommendations section of Chapter 4. 
3.6 Indoor Room Calorimeter Operating Characteristics 
Fleming (1993) discusses the results of the preliminary operating tests of the 
indoor room calorimeter. Fleming describes the indoor room in terms of a simple 
analytical model. Various parameters for the analysis were then determined during the 
preliminary testing. The heat loss from the indoor room calorimeter was determined 
experimentally both with and without a room air conditioner installed in the partition wall. 
These results were determined to within 45 Btu/hr, corresponding to a maximum 
uncertainty in the energy balance on the indoor room on the order of 0.75 %. This 
uncertainty is an upper bound and is valid only for the smallest test unit of 0.5 ton 
capacity. The extreme care in the construction and gasketing of the indoor room 
resulted in a moisture balance with a similarly small amount of uncertainty. The thermal 
capacitance of the indoor room is large, but the preliminary results do not reveal 
significant moisture capacitance. This, coupled with the building voltage variation 
mentioned in Section 2.2.2, indicates the need for investigation of alternative control 
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schemes. For a complete discussion of these results and the specific information 
gained from preliminary testing with sensible, latent, and mixed heating loads, see the 
companion document by Fleming (1993). 
3.7 Room Air Conditioner Testing 
To date, our emphasis has been on developing an understanding of the facility and 
its operational characteristics. Information on particular room air conditioner 
performance has not been evaluated other than for comparison to models. For a 
detailed discussion of the modeling effort and comparisons of modeled results to data, 
see the companion work from this project by Hahn (1993). 
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4. SUMMARY, RECOMMENDATIONS, AND CONCLUSIONS 
4.1 Summary 
We have designed and constructed,a facility for the testing of room air conditioners 
with capacities between 0.5 and 2.5 tons of refrigeration. This facility is capable of 
operating over a very wide range of psychrometric conditions in both the indoor and 
outdoor rooms. This facility was designed using ASH RAE Standard 16-1983 as a 
guideline, but deviations from the Standard were employed where such differences 
resulted in significant savings of cost or time, or an improvement in system flexibility or 
versatility. The facility can produce the type of data needed for the validation and 
improvement of computer simulation and design models for room air conditioners. 
This thesis concentrated on the issues surrounding the design and construction of 
the outdoor environmental chamber of the Room Air Conditioner Test Facility. Fleming 
(1993) documented the design and construction of the indoor calorimeter room. Hahn 
(1993) described the project's work on the modeling of room air conditioners. 
The design of a power measurement system was detailed in Chapter 2. A 
temporary system was built to measure the power of the room air conditioner test unit. 
The system was calibrated to a maximum deviation of ±0.15 % from our Valhalla 
Scientific Digital Power Analyzer. This system will be adequate for room air conditioner 
power measurement until the final system described in Chapter 2 is constructed. This 
final system was designed to handle large distortions in the power waveform as well as 
the on-off switching caused by the time-proportional heater controllers. 
The design of the outdoor environmental chamber was detailed in Chapter 3. The 
description centered upon the overall deSign criteria for the project and the options 
investigated for the major systems of the outdoor chamber. The final design was 
presented, along with an overview of the design of the indoor room calorimeter. Finally, 
an evaluation of the operating characteristics of the outdoor room was provided. A 
summary of the operating characteristics of the indoor room calorimeter was also 
presented. 
4.2 Recommendations for Future Work 
Recommendations are offered for both the power measurement system and for the 
continued development of the outdoor environmental chamber. These 
recommendations are based upon the information gathered in the installation and 
debugging of the physical systems. 
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4.2.1 Power Measurement 
The final power measurement system that is described in Chapter 2 is one of many 
acceptable options. However, even though the conceptual design is complete, this 
system has not been physically constructed to date. In the event that testing of the 
system indicates the need for design enhancement, the biggest improvement will 
involve the application of the analog multiplier chips. The analog multipliers are most 
useful if the full scale of the multiplier is utilized. To take advantage of this fact, an 
automatic voltage-scaling circuit should be designed to maximize the input signal levels. 
By implementing the multiplier and the Blue Earth micro-controller, we have 
designed a hybrid system that utilizes both analog and digital circuitry. This design was 
partially motivated by the convenience of monolithic chips and the availability of the 
packaged, mUlti-purpose Blue Earth micro-controller. If further enhancement of this 
system is required, a more direct digital signal processing approach should be pursued. 
A truly digital sampling wattmeter based on digital signal processing is capable of 
providing the required accuracy, and could be constructed using many of the 
components already purchased for the final system described in Chapter 2. 
4.2.2 Outdoor Environmental Chamber 
The main recommendation for the continued development of the outdoor 
environmental chamber is to determine an improved control scheme for the outdoor 
conditions. We have stated that the chiller and fan-coil system provides excellent 
control of temperature in the outdoor room, but is lacking in terms of its ability to 
independently control humidity. This system is certainly capable of moisture removal 
from the air, but the original choice of mass flow rate and coil temperature as the two 
relevant process variables is inadequate in terms of independent moisture control. The 
third possible process variable is the mass flow rate of the air in the air reconditioning 
system of the outdoor environmental chamber. A combination of all three process 
variables may be necessary to insure that adequate cooling capacity and moisture 
control are both achieved. Investigation of system modifications and or component 
additions should proceed rapidly following a more detailed investigation of the 
performance of the current system. 
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4.3 Conclusions 
The room air conditioner test facility is functional and capable of producing a wide 
range of operating conditions for performance tests. Certain limitations in the current 
designs have been identified and targeted for improvement in future work, as described 
in the previous two sections. This facility will produce valuable information on the 
performance of room air conditioners at off-design conditions, which will be used in the 
continued development of improved room air conditioner simulation and design models. 
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APPENDIX A. DERIVATION OF POWER MEASUREMENT POINTS 
The following derivation refers to Figure 2.2 of the text. 
By Kirchhoff's Circuit Law, we know that 
Thus, we can be sure that total power delivered to the circuit can be determined by 
(1 ) 
for a purely resistive load. Clearly, phase shift is possible in both legs, but we shall 
neglect this consideration for this derivation. We can rearrange (1) to find an equivalent 
measurement scheme as follows 
= V 1 ·11 - V N . ~ + V 2 ·12 - V N ·12 
Thus, 
(2) 
Similarly, we can rearrange (1) again in the following manner 
and find the third equivalent measurement sheme for this 3 wire, single phase system: 
Ip = (V1- VN)·IN +(V2 - V1)·121 (3) 
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